a b s t r a c t
The low temperature heat capacities of Na 4 UO 5 and Na 4 NpO 5 have been measured for the first time in the temperature range (1.9 to 292) K using a Quantum Design PPMS (Physical Property Measurement System) calorimeter. The experimental data have been fitted to theoretical functions below 20 K, and to a combination of Debye and Einstein functions above this temperature. The heat capacity and entropy values at T = 298. 15 
Introduction
In the potential event of a breach of the stainless steel cladding in a Sodium-cooled Fast Reactor (SFR), the sodium metallic coolant could come into contact with the nuclear fuel. (U,Pu)O 2 mixed oxide fuel is the preferred option for SFRs because of the long experience accumulated with the current second generation Light Water reactor systems in terms of fabrication, reactor operation, reprocessing, and risk assessment. The additional incorporation of minor actinides (Np,Am,Cm) into the fuel is moreover envisioned in the framework of the international Generation IV program so as to reduce the radiotoxic inventory of the fuel cycle and its long term impact [1, 2] . One solution to reduce the amount of waste and its radiotoxicity is indeed to recover the long-lived isotopes from the spent fuel and re-irradiate them in a fast reactor to transmute them into radioactive elements with shorter halflives [1, 2] . In this respect, the development of the SFR concept has led to a considerable interest for the reaction products between sodium coolant and (U,Pu,Np)O 2 nuclear fuel. A thorough knowledge of their structural and thermodynamic properties is essential from a safety perspective.
The phases forming in the (Na + U + O), (Na + Np + O), and (Na + Pu + O) systems are numerous: tetravalent Na 2 PuO 3 , pentavalent NaUO 3 , Na 3 AnO 4 , Na 5 PuO 5 , hexavalent Na 2 UO 4 , Na 2 NpO 4 , Na 4 AnO 5 , Na 2 An 2 O 7 , and heptavalent Na 5 NpO 6 , Na 5 PuO 6 (An = U, Np,Pu) [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The structural properties of the sodium uranium ternary oxides have been reviewed extensively [3] [4] [5] [6] 8] . Their thermodynamic functions are also fairly well established at T = 298.15 K [14, 15] . Only the heat capacities, entropies, and Gibbs energies of Na 4 UO 5 and b-Na 2 UO 4 are missing. By contrast, there is little knowledge of the sodium neptunates and plutonates. Keller et al. [9, 10, 16] , Pillon et al. [17, 4] , Kleykamp [18] , Smith et al. [11, 13] , and Bykov et al. [12] have contributed to their structural characterization, but there is a real lack of thermodynamic information on these phases [15] . Only the enthalpies of formation at T = 298.15 K of a-Na 2 NpO 4 ; b-Na 2 NpO 4 , Na 4 NpO 5 , and Na 2 Np 2 O 7 have been measured experimentally using solution calorimetry [19, 20, 15] and Knudsen effusion mass spectrometry [21] . To complete the data on the (Na + U + O) and (Na + Np + O) systems, we report for the first time low temperature heat capacity measurements on Na 4 
Experimental methods

Sample preparation and characterization
The Na 4 UO 5 material was kindly provided by NRG (Nuclear Research & Consultancy Group, Petten, The Netherlands). The sample as received was furthermore sintered at T = 923 K under oxygen flow for 12 h to produce a compact material suited for the measurements. Na 4 NpO 5 was synthesized under oxygen flow by reaction at T = 1100 K between accurately weighted samples of neptunium dioxide ( 237 NpO 2 from ORNL, Oak Ridge National Laboratory) and sodium carbonate (Na 2 CO 3 99.95%, Sigma). The total heating time amounted to 70 h, with intermediate regrinding steps. The purity of the samples was examined by X-ray diffraction at room temperature and ICP-MS analysis.
The X-ray diffraction measurements were carried out using a Bruker D8 X-ray diffractometer mounted in the Bragg-Brentano configuration with a curved Ge monochromator (1 1 1), a ceramic copper tube (40 kV, 40 mA), and equipped with a LinxEye position sensitive detector. The data were collected at room temperature, i. e. 300(5) K, by step scanning in the angle range 10°6 2h 6 120°, with an integration time of about 8 h, a count step of 0.02°(2h), and a dwell of 5 s/step. Structural analysis was performed by the Rietveld method with the Fullprof2k suite [22] . Na 4 UO 5 and Na 4 NpO 5 are isostructural and crystallize in the tetragonal space group I4=m (Z = 2) [7, 13] . The lattice parameters found in the present work, a = 0.7549(3) nm, c = 0.4637(3) nm for Na 4 ), respectively, are in very good agreement with the values reported in the literature [7, 13] . Some very minor secondary phases of a-Na 2 UO 4 and a-Na 2 NpO 4 were detected with X-rays and quantified using the Rietveld method and ICP-MS analysis. According to our Rietveld refinement, the Na 4 UO 5 batch was pure at 98.4 wt% with 1.6 wt% a-Na 2 UO 4 impurity, corresponding to the composition Na 3.962 UO 4.981 . The ICP-MS analysis yielded a sodium to uranium ratio of (3.963 ± 0.016) at/ at, 1 in very good agreement with the latter quantification. The Na 4 NpO 5 batch was pure at 99.5 wt% with 0.5 wt% a-Na 2 NpO 4 impurity, corresponding to the composition Na 3.988 NpO 4.982 . The ICP-MS analysis yielded a sodium to neptunium ratio of (4.006 ± 0.048) at/ at 1 , also in good agreement with the quantification using X-rays.
Heat capacity measurements
Low temperature heat capacity measurements were performed in the temperature ranges (1.9 to 288.7) K and (2.4 to 292.2) K for Na 4 UO 5 and Na 4 NpO 5 , respectively, using a PPMS (Physical Property Measurement System, Quantum Design) instrument in the absence of a magnetic field. This technique is based on a thermal relaxation method, which was critically assessed by Lashley et al. [23] . The measurements were carried out on pellets of 28.90(5) mg of Na 4 UO 5 and 21.07(5) mg of Na 4 NpO 5 materials encapsulated in Stycast 2850 FT, and the heat capacity contribution of the Stycast was subtracted from the recorded data. A more detailed description of the experimental procedure, which is particularly well adapted to the study of radioactive materials, was given in [24] . The contribution of the sample platform, wires, and grease was also deduced by a separate measurement of an addenda curve. The collected data for Na 4 UO 5 and Na 4 NpO 5 were finally corrected for 1.6 wt% and 0.5 wt% impurities of a-Na 2 UO 4 and aNa 2 NpO 4 , respectively, which were measured by Osborne et al. [25] and Smith et al. [26] .
Considering the accuracy of the PPMS instrument as estimated by Lashley et al. [23] , the reproducibility of the measurements, and the error introduced by the encapsulation procedure in Stycast of these radioactive materials [24] , the final uncertainty was estimated at about (1 to 2)% in the middle range of acquisition T = (10 to 100) K, and reaching about 3% at the lowest temperatures and near room temperature. The use of Stycast is the main contributor to the combined standard uncertainties on the heat capacities and entropies quoted hereafter. The uncertainties introduced by the presence of impurities are moreover within the uncertainty range of the method.
Results
The experimental heat capacity data collected for both samples in the absence of a magnetic field are shown in figure 1 and 2, and listed in table 8 and 9, respectively. As the temperature approaches 298.15 K, the specific heat reaches in both cases values that are about 30 J Á K À1 Á mol À1 below the classical Dulong-Petit limit
for the ten atoms in the formula unit). The heat capacity of Na 4 UO 5 increases smoothly with temperature. Interestingly, the low-temperature heat capacity of Na 4 NpO 5 shows a broad anomaly between T = (3 and 15) K with a maximum at about T = 7 K. This anomaly was found to be slightly shifted to lower temperatures when a magnetic field is applied as reported in our previous work [13] . The hypothesis of a magnetic ordering transition at about T = 7 K was ruled out based on our Mössbauer spectroscopy and magnetic susceptibility results. Instead, this feature was interpreted as a Schottky-type anomaly associated with low-lying electronic energy levels. Its entropy contribution was moreover estimated as 4.57 J Á K À1 mol À1 after subtraction of the lattice contribution approximated with that of Na 4 UO 5 [13] . We refer the reader to [13] for further details on this particular feature, and derivation of its associated entropy contribution. In the present work, the thermodynamic functions of Na 4 UO 5 and Na 4 NpO 5 were derived at T = 298.15 K by fitting the experimental data to theoretical functions below T = (20.0 and 4.3) K [27] , respectively, and a combination of Debye and Einstein heat capacity functions [28] [29] [30] from T = (20.0 to 288.7) K and T = (23.2 to 292.2) K, respectively. In addition, the Schottky anomaly observed for the neptunium compound was fitted between T = (4.3 and 23.2) K with a series of cubic spline polynomial functions. The fitted data are shown with solid lines in Figs. 1-3 , respectively. Finally, standard thermodynamic functions were calculated at selected temperatures between (0 and 300) K and are listed in tables 10 and 11. 1 The uncertainty is an expanded uncertainty U = k:uc where uc is the combined standard uncertainty estimated following the ISO/BIPM Guide to the Expression of Uncertainty in Measurement. The coverage factor is k = 2. 2 The encapsulation procedure in Stycast is the main contributor (3%) to the quoted combined standard uncertainty. The errors associated with the Debye and Einstein fit (0.4%) and impurity contamination (0.4%) contribute very little to the final uncertainty. 3 The encapsulation procedure in Stycast is the main contributor (3%) to the quoted combined standard uncertainty. The errors associated with the Debye and Einstein fit (0.4%) and impurity contamination (0.1%) contribute very little to the final uncertainty.
Discussion
The heat capacity at constant volume, C V;m , is given by the sum of the lattice vibrations, electronic, and magnetic contributions [31] . The relation between the heat capacity at constant pressure measured experimentally, C p;m , and the heat capacity at constant volume, C V;m , involves the isobaric thermal expansivity and isothermal compressibility of the material. At very low temperatures, the thermal expansivity is negligible, so that C p;m % C V;m .
Fitting of the lattice contribution above T = 20 K.
The lattice contribution dominates at temperatures above about T = 20 K, and can be modeled using a combination of Debye and Einstein functions, as written in Eq. (1). Two Einstein functions were needed in the present work to fit the data. Fitting with a single Einstein function was attempted, but could not reproduce accurately the high temperature region.
Here R is the universal gas constant equal to 8.3144621
, Dðh D Þ; Eðh E1 Þ, and Eðh E2 Þ are the Debye, low and high temperature Einstein functions, respectively, as written in Eqs. (2) and (3) . h D ; h E1 , and h E2 are the characteristic Debye and Einstein temperatures. n D ; n E1 , and n E2 are adjustable parameters, whose sum (n D þ n E1 þ n E2 ) should be approximately equal to the number of atoms in the formula unit (i.e., 10 in this case). Phase 
The fitted parameters obtained for Na 4 UO 5 and Na 4 Np 5 in the temperature regions (20.0 to 288.7) K and (23.2 to 292.2) K, respectively, are listed in table 4. The sum (n D þ n E1 þ n E2 ) is very close to 10. The Debye and Einstein temperatures are found systematically higher for the uranium compound, suggesting stronger bonding between the uranium cation and surrounding oxygen ions. The reverse behaviour would be expected, however, considering the respective bond lengths in the UO 6 [7] and NpO 6 octahedra [13] , and ionic radii of the U 6+ (0.73 Å) and Np 6+ (0.72 Å) cations according to Shannon's tabulated data [32] . This result can be related to the fact that the experimental curves cross around T = 35 K, as seen in figure 3 , and could be the effect of the 5f valence electrons since these compounds show different electronic configurations, namely ½Rn5f 0 for Na 4 UO 5 and ½Rn5f 1 for Na 4 NpO 5 .
An alternative explanation would be the interplay between force constant and atomic mass [33] . However, considering the uncertainty of the method, and especially of the encapsulation procedure in Stycast, it is not possible to definitively assign this feature to a physical phenomenon. Calculations of the phonon density of states and of the vibration modes would be required to conclude. The root mean square deviation (RMS) of the fits are rather high, despite a good general agreement with the experimental data. Indeed, the deviation from the experimental results remains below 0.4% over the temperature range (20 to 292) K, as shown in figure  4 . The RMS discrepancy can be related to the uncertainty on our experimental results, which increases towards high temperatures, mainly due to the correction for the Stycast contribution.
Fitting below T = 20 K.
At very low temperatures (T < 20 K), the phonon contribution is well-represented using an harmonic-lattice model [27] , as expressed by Eq. (4), where the number of required terms augments with the high temperature limit of the fit:
The electronic contribution of the conduction electrons at the Fermi surface are represented with a linear term cT [34] . The electronic specific heat is zero for insulating materials such as Na 4 [33] are example of such materials. The heat capacity of Na 4 UO 5 was fitted with the harmonic model using four terms to cover the rather large temperature range of the fit (1.9 to 20.0) K. The corresponding coefficients are listed in table 4. A simple two terms harmonic model was sufficient to cover the temperature range (2.4 to 4.3) K in the case of Na 4 NpO 5 . However, the addition of a linear dT term also appeared necessary to describe the experimental curve. The broad Schottly anomaly was fitted between T = (4.3 and 23.2) K using a series of cubic spline polynomials.
The need for a linear dT term to fit the Na 4 NpO 5 data in the temperature range (2.4 to 4.3) K suggests the presence of a non negligible amount of oxygen vacancies or defects within the material [27] . This observation can be related to the particular peak profile shape observed in the X-ray diffraction pattern as detailed in Appendix A. The Bragg reflections indeed show an asymmetric profile in opposite directions for successive hkl reflections, which is particularly pronounced at low angles, as detailed in [13] . This feature was interpreted in our previous work as a slight heterogeneity within the material which creates stresses. In fact, the Rietveld refinement and the description of the peak profile shape can be improved by introducing a second tetragonal phase with slightly larger cell volume, which concurs with the hypothesis of the formation of oxygen vacancies or defects (see Appendix A). A departure from stoichiometry is unlikely, however, as the Mössbauer data showed no traces of pentavalent neptunium in this material [13] . Instead, it is suggested that oxygen Frenkel pairs might occur. The dT term is much larger than reported in the literature for this type of defects, however [27, 33] , which is rather puzzling. Self-heating effects coming from the radioactive decay of 237 Np were considered, but appeared negligible. The corresponding contribution amounts to no more than 0.5% at T = 2.5 K and 0.04% at T = 10 K of the signal. The physical interpretation of this phenomenon could therefore be more intricate.
Modelling the Schottky-type anomaly
The neptunium cation in Na 4 NpO 5 is hexavalent, as confirmed by Mössbauer spectroscopy [13] , and shows therefore a ½Rn5f 1 electronic configuration. The Np ion in this structure is therefore a Kramers ion with a 2 F 5/2 ground state manifold and 2 F 7/2 first excited state arising from spin-orbit coupling. The 2 F 5=2 ground state has a degeneracy of ð2J þ 1Þ ¼ 6, and is subsequently split into three Kramers doublets (C 7 ground state, and C t 7 ; C t 6 excited states) by the crystal field effect in the tetragonally distorted ðD 4h Þ symmetry [13] . Our previous studies have shown that Na 4 NpO 5 probably shows two low-lying states having the same degeneracy and separated by about 14 cm À1 [13] . It was therefore attempted in the present work to fit the anomaly in the heat capacity data using a simple two levels Schottky function as written in Eq. (5) [34] : . The reported data were corrected for 1.6 wt% a-Na 2 UO 4 impurity [25] . R is the ideal gas constant equal to 8.3144621 
where a S is a scaling factor adjusting the amplitude of the theoretical Schottky function to the one actually observed in the experiment.
The maximum temperature of the broad anomaly is fairly well described with such model as shown in figure 5 . The spacing between the two low-lying electronic levels is at about T = (20.1 to 22.9) K, which corresponds to an energy separation of (14 to 15.9) cm
À1
, in good agreement with our previous study [13] . The combination of the simple two levels Schottky function and harmonic model is not sufficient, however, to describe adequately both the width and intensity of the data below T = 6.5 K. The experimental (C p;m =T) curve saturates at about 275 a The standard uncertainties u on the temperature are: uðTÞ = 0.01 K for 1.9 < T/K < 20, uðTÞ = 0.02 K for 20 < T/K < 100, uðTÞ = 0.05 K for 100 < T/K < 300. The combined relative standard uncertainties on the values of the heat capacities are determined to be urðCp;mÞ = 0.03 for T/K < 10, urðCp;mÞ = 0.01 for 10 < T/K < 70, urðCp;mÞ = 0.02 for 70 < T/K < 100, urðCp;mÞ = 0.025 for 100 < T/K < 150, and urðCp;mÞ = 0.03 for T/K > 150. b The standard uncertainty u on the pressure is: uðpÞ = 0.009 mPa.
TABLE 9
Experimental heat capacity data a for Na 4 NpO 5 measured at pressure p = 1.233 mPa b . The reported data were corrected for 0.5 wt% a-Na 2 NpO 4 impurity [26] . R is the ideal gas constant equal to 8.3144621 a The standard uncertainties u on the temperature are: uðTÞ = 0.01 K for 1.9 < T/K < 20, uðTÞ = 0.02 K for 20 < T/K < 100, uðTÞ=0.05 K for 100 < T/K < 300. The combined relative standard uncertainties on the values of the heat capacities are determined to be urðCp;mÞ = 0.03 for T/K < 10, urðCp;mÞ = 0.01 for 10 < T/K < 70, urðCp;mÞ = 0.02 for 70 < T/K < 100, urðCp;mÞ = 0.025 for 100 < T/K < 150, and urðCp;mÞ = 0.03 for T/K > 150.
b The standard uncertainty u on the pressure is: uðpÞ = 0.009 mPa.
instead of going to zero when reaching T = 0 K, probably due to the presence of defects within the material as detailed previously. This effect makes it more difficult to describe the anomaly with a theoretical Schottky function. Moreover, the associated entropy is less
), which also renders the fitting procedure more intricate. We have therefore preferred in the present work to fit the broad Schottky anomaly with a series of cubic spline polynomials so as to derive the thermodynamic functions between T = (0 and 300) K.
Derivation of thermodynamic functions
The empirical Neumann-Kopp (NK) rule, which suggests that the heat capacity of a solid is the sum of the heat capacity of its constituent chemical components, is usually a good approximation for the estimation of the specific heat at T = 298.15 K [36] . From the data of UO 3 [37] and Na 2 O [38] , the heat capacity of Na 4 UO 5 can be estimated as 219:9 J Á K À1 Á mol À1 , in very good agreement with our a The relative combined standard uncertainties in the values of the fitted heat capacities are determined from the experimental and fitted uncertainties to be urðCp; mÞ = 0.031 for T/K < 10, urðCp; mÞ = 0.011 for 10 < T/K < 70, urðCp; mÞ = 0.021 for 70 < T/K < 100, urðCp; mÞ = 0.026 for 100 < T/K < 150, and urðCp; mÞ = 0.031 for T/ K > 150. The standard uncertainty on the pressure is uðpÞ = 5 kPa.
experimental results. Combining our newly determined values of the standard entropies with the ones for sodium [39, 15] , uranium [37] , neptunium [37] , and oxygen [39] , the standard entropies of formation of Na 4 The Gibbs energies of formation of the species Na 4 MO 5 and MO 2þ 2 are the only terms that differ in between the expressions of the dissociation energies of the sodium uranate and neptunate compounds. The other terms can be expressed as f ðTÞ, independent of the actinide cation. The Gibbs energies of formation of the uranium and neptunium aqua ions were reported at T = 298. The sodium neptunate appears slightly more stable than the sodium uranate, even if the difference remains small considering the uncertainty ranges.
Conclusions
The heat capacities of Na 4 UO 5 and Na 4 NpO 5 have been measured over the temperature range (1.9 to 292) K using a a The combined standard uncertainties in the values of the fitted heat capacities are determined from the experimental and fitted uncertainties to be urðCp;mÞ = 0.03 for T/ K < 10, urðCp;mÞ = 0.011 for 10 < T/K < 70, urðCp;mÞ = 0.02 for 70 < T/K < 100, urðCp;mÞ = 0.025 for 100 < T/K < 150, and urðCp;mÞ = 0.03 for T/K > 150. The standard uncertainty on the pressure is uðpÞ = 5 kPa. Quantum Design PPMS calorimeter. The experimental data have been fitted using theoretical functions below T = (20.0 and 4.3) K, respectively, and a combination of one Debye and two Einstein functions above T = (20.0 and 23.2) K, respectively. The theoretical fitting required the use of a linear term for the neptunium compound, which could be related to the presence of a non negligible amount of defects, in good agreement with the peak profile shape of the corresponding X-ray diffraction pattern. A broad Schotkky anomaly has also been observed between T = (3 and 15) K, which is associated with two low-lying electronic energy levels separated by about (14 to 16) cm À1 (see tables 1-3).
The fitting functions have been used to derive the heat capacities and entropies of both compounds at T = 298.15 K. Combining the data with the enthalpies of formation reported in the literature, the Gibbs energies of formation have finally been determined, and are listed in table 5. Comparing the Gibbs energy values, the sodium neptunate was found to be slightly more stable than its isostructural uranium analogue.
